The viruses that cause AIDS -HIV-1 and HIV-2 -belong to a group of retroviruses that are endemic to African apes and Old World monkeys and are known collectively as the primate lentiviruses. HIV-1, which is responsible for the global AIDS pandemic, and HIV-2, which causes AIDS in regions of West Africa, are principally spread by heterosexual transmission and replicate in CD4 + T cells and macrophages. In the absence of treatment, HIV infection results in the depletion of CD4 + T cells, immunodeficiency and the eventual onset of life-threatening opportunistic infections. Over the past 30 years, HIV-1 has claimed more than 30 million lives, and tremendous effort and resources have been devoted to the development of drugs and vaccines for the treatment and prevention of infection. There have been some major advances, including the development of effective antiretroviral drug therapies and pre-exposure prophylaxis (PrEP) regimens, as well as frustrating failures, such as the lack of a vaccine that affords reliable protection and the inability to eradicate the virus from infected individuals.
One of the major limitations in searching for cures and vaccines for HIV-1 has been the lack of an animal model that recapitulates all of the salient features of HIV-1 infection in humans. HIV-1 is a direct descendant of SIVcpz 1, 2 , a virus that infects Central Africa chimpanzees (Pan troglodytes troglodytes) and might have a substantial impact on wild chimpanzee communities 3 . Nevertheless, HIV-1 infection of chimpanzees in captivity rarely results in the development of disease 4, 5 . Furthermore, owing to their endangered status and high maintenance costs, chimpanzees are not a practical model for AIDS.
When considering species other than humans as models for HIV-1 infection, it is evident that the cellular proteins of these species must support viral replication. The required proteins include, but are not limited to, the receptors and co-receptors involved in virus entry (CD4 and either CC-chemokine receptor 5 (CCR5) or CXCchemokine receptor 4 (CXCR4)), transcription factors (cyclin T1), nuclear export factors (CRM1; also known as EXP1) and proteins that are recruited to mediate budding of nascent viral particles (belonging to the ESCRT (endosomal sorting complex required for transport) pathway). Cellular factors that inhibit specific steps of HIV-1 replication have also been identified in recent years
. Although HIV-1 has adapted to overcome such 'restriction factors' and to exploit the necessary cellular cofactors in humans, it has not done so in other species 6 . This at least partially accounts for the inability of HIV-1 to replicate or cause disease in most species other than humans.
Several alternative animal models have been developed to study HIV-1 infection in vivo. In the case of small animals that are amenable to genetic manipulation, such as mice, efforts have focused on the development of immunodeficient mice engrafted with cells or tissues from the human immune system to provide Restriction factors are cellular proteins that impose a dominant block on viral infection by interfering with a specific step of viral replication. They are typically upregulated in response to type I interferons and are thus linked to innate immunity. One of the hallmarks of restriction factors is the accumulation of amino acid differences between proteins from different species owing to their rapid evolution in conflict with viral pathogens [142] [143] [144] . These species-specific differences frequently represent barriers to the cross-species transmission of retroviruses. Thus, viruses that have adapted to overcome the restriction factors of their native hosts are often susceptible to the corresponding factors of other species. The major restriction factors for HIV-1 are discussed below and illustrated in the figure.
TRIM5
The tripartite-motif-containing protein 5 (TRIM5) proteins are so named because they have three conserved amino-terminal domains: the RING, B-box and coiled-coil domains. These proteins also have a fourth, carboxy-terminal domain, which is either a SPRY domain (in the case of the TRIM5α proteins) 81 or a cyclophilin A-like domain (in the case of the TRIMCyp proteins) 96, 145 (see also FIG. 3) . Although the precise mechanism of HIV-1 inhibition is unknown, interactions between the SPRY or Cyp domains of TRIM5 proteins and incoming retroviral capsids impose a post-entry block on viral infection 146, 147 . Retroviral resistance to the TRIM5α and/or TRIMCyp proteins expressed by a given species is therefore determined by sequences in the viral capsid protein.
APOBEC3
Several members of the apolipoprotein B-editing catalytic subunit-like 3 (APOBEC3) family impose a block on viral infectivity, but this block can be counteracted by the Vif protein of the primate lentiviruses (reviewed in REF. 148 ). In the absence of Vif, APOBEC3 proteins become incorporated into nascent virions through interactions with viral RNA [149] [150] [151] [152] and catalyse cytidine deamination of negative-sense DNA ((-)DNA) during reverse transcription [153] [154] [155] , resulting in catastrophic hypermutation of the viral genome characterized by G-to-A transitions in the proviral positive-sense DNA ((+)DNA). Vif counteracts this activity by recruiting a ubiquitin ligase complex, which leads to the proteasome-dependent degradation of APOBEC3 proteins in infected cells, thereby reducing APOBEC3 incorporation into virions [156] [157] [158] . Although HIV-1 Vif is active against human APOBEC3 proteins, it is inactive against the APOBEC3 proteins of mice, cats and monkeys 159, 160 . However, the Vif proteins of other primate lentiviruses, such as SIVsmm and SIVmac (simian immunodeficiency virus of the sooty mangabey and macaques, respectively), have a broader range of activity and can counteract both human and macaque APOBEC3 proteins. Tetherin Tetherin (also known as BST2 or CD317) is a transmembrane (TM) protein that interferes with the detachment of retroviruses (and other enveloped viruses) from infected cells 161, 162 (see the figure) . Tetherin has an amino-terminal cytoplasmic domain followed by a membrane-spanning domain, an extracellular coiled-coil domain and a carboxy-terminal glycophosphatidylinositol (GPI) anchor. By virtue of having membrane anchors at both ends of the molecule, tetherin can crosslink nascent virions to the plasma membrane of the host cell to prevent viral release [163] [164] [165] . Whereas most SIVs use Nef to counteract tetherin in their non-human primate hosts [166] [167] [168] , HIV-1 and HIV-2 have evolved to use Vpu and Env, respectively 161, 162, 169, 170 , to counteract human tetherin, owing to the absence of a 5 amino acid Nef-recognition sequence in the cytoplasmic domain of human tetherin. Although the mechanisms of tetherin antagonism differ for Nef, Vpu and Env, they share the common effect of removing tetherin from sites of viral release at the plasma membrane [169] [170] [171] .
SAMHD1
SAM domain-and HD-domain-containing protein 1 (SAMHD1) is a dGTP-activated triphosphohydrolase that hydrolyses deoxynucleoside 5′-triphosphates (dNTPs), thereby reducing the concentration of dNTPs in the cell cytoplasm 172, 173 . By this mechanism, SAMHD1 appears to substantially reduce the rate of HIV-1 reverse transcription in cells with naturally low levels of dNTPs (see the figure). SIV Vpx is able to counteract SAMHD1 in a species-specific manner by targeting this restriction factor for proteasomal degradation 174, 175 . However, HIV-1 does not express Vpx and is apparently unable to counteract SAMHD1. 
Proviruses
The DNA forms of retroviral genomes that are integrated into host chromosomal DNA. +   ) progenitor stem cells A population of multipotent cells that can differentiate into any type of blood cell, including the major cell lineages of the immune system. These cells are typically defined by the cell surface marker CD34.
Haematopoietic (CD34

Natural killer cells
Cytotoxic lymphocytes that do not express the B cell or T cell receptor and are capable of responding to virus-infected cells or tumour cells without prior antigenic stimulation.
Passive immunization
The transfer of immunoglobulins.
the virus with susceptible target cells for replication. In the case of larger animals, such as primates, research has focused on the use of simian immunodeficiency virus (SIV) or simian-human immunodeficiency virus (SHIV) recombinants. Thus, there is no single animal model for HIV-1 infection, but rather a variety of host species and viruses that can be used depending on the question to be addressed. Here, we review the advantages and limitations of these models with respect to their use in the preclinical development of vaccines and antiretroviral therapies.
Small-animal models Initial attempts to infect small animals, including mice, rats and rabbits, with HIV-1 were unsuccessful 7 . Although cats are also not susceptible to HIV-1, feline immunodeficiency virus (FIV) infection in domestic cats can serve as a surrogate model for HIV-1 infection in humans. However, this model has many limitations and is not widely used
. As transgenic animal technologies have developed, mice, rats and rabbits expressing the proteins that are necessary for HIV-1 replication -in particular, the viral receptors CD4, CCR5 and CXCR4 -have been generated. However, none of these models supports robust viral replication or the development of disease [8] [9] [10] . It is now evident that cells from these animals do not provide essential cofactors for HIV-1 replication and might also express proteins that inhibit HIV-1 infection [11] [12] [13] . These findings also limit the utility of transgenic mice expressing HIV-1 proviruses 14, 15 . Therefore, the best small-animal models for HIV/AIDS are based on 'humanized mice' -genetically immunocompromised mice that have been engrafted with human tissues to reconstitute the human immune system (FIG. 1) . Although several different humanized mouse models have been developed, here we focus on those that are used most frequently in HIV-1 research.
scid-hu-Thy/Liv mice. Many humanized mice have been developed using severe combined immunodeficiency (scid) genetic backgrounds. scid mice have a mutation in the gene encoding DNA-dependent protein kinase catalytic subunit (PRKDC), resulting in the absence of functional B cells and T cells 16 . scid-hu-Thy/Liv mice are generated by transplanting human fetal thymus and liver cells into scid mice, resulting in the formation of a conjoint organ that produces human haematopoietic (CD34 +   ) progenitor stem cells and mature human lymphocytes 17 (FIG. 1a) . These mice can be infected by direct injection of HIV-1 into the human implants, which leads to CD4 + T cell depletion and high viral loads in the human tissue [18] [19] [20] [21] . Applications of this model include studies of the mechanisms of CD4 + T cell loss 20, 22 and the efficacy of antiretroviral drugs in suppressing acute HIV-1 infection 23, 24 . Limitations of this model include a substantial degree of 'leakiness' in certain mouse strains (leading to the development of mouse T cells and B cells in older animals) 25 and the maintenance of innate immunity, including natural killer cells (NK cells), which decrease the success of engraftment 26 . Another disadvantage is that this model cannot be used to study mucosal transmission of HIV-1.
scid-hu-PBL mice. In scid-hu-PBL mice, peripheral blood lymphocytes (PBLs) from humans are injected into scid mice intraperitoneally and disseminate mainly to the lymph nodes, spleen, bone marrow and genital mucosa 27 (FIG. 1b) . Although animals with a low percentage of human cells can survive for up to 6 months, higher levels of human cells are associated with increased mortality 28 . These mice secrete human antibodies and can mount human antibody responses following immunization, which is an advantage over scid-hu-Thy/Liv mice. scid-hu-PBL mice can be infected with HIV-1 by intraperitoneal injection with cell-free virus or engraftment with cells from humans infected with HIV-1. Both infection routes result in the depletion of human CD4 + T cells in the mouse, and the virus can be detected in tissues that have been infiltrated by human cells 29, 30 ( FIG. 1b) . This model has been used for several different applications, such as demonstrating the effectiveness of passive immunization with monoclonal antibodies specific for the HIV-1 envelope (Env) glycoprotein [31] [32] [33] , testing of Env-based vaccines 34, 35 and assessing the ability of dendritic cells pulsed with inactivated HIV-1 to protect against HIV-1 infection 36, 37 . Like the scid-hu-Thy/Liv mice, this model cannot be used for studying mucosal transmission.
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−/− mice. scid mice can be crossed with strains of mice harbouring additional
Box 2 | Feline immunodeficiency virus and cats
Feline immunodeficiency virus (FIV) causes an AIDS-like disease in domestic cats. Like HIV-1 infection of humans, FIV infection of cats results in an acute phase with mild symptoms, a variable latent phase, and progressive CD4 + T cell depletion 177, 178 . Certain strains of FIV can also infect the central nervous system, leading to neurological symptoms similar to those observed in some individuals infected with HIV 179, 180 , thus affording a natural model of lentivirus-induced neuropathology. Recently, a domestic cat that had been engineered to express TRIMCyp (tripartite-motif-containing protein 5 with a cyclophilin A-like domain) provided researchers with an unprecedented opportunity to study the effects of this restriction factor on lentiviral replication and pathogenesis in animals 181 . One area in which FIV infection of cats has been a valuable animal model in the past is the development of antiretroviral drugs. The sensitivity of FIV reverse transcriptase to several nucleoside-analogue reverse-transcriptase inhibitors (NRTIs) has enabled studies demonstrating the efficacy of this class of drugs in prophylaxis and treatment of acute lentiviral infection [182] [183] [184] [185] . Moreover, the in vivo efficacy of acyclic nucleoside phosphonate analogues was first demonstrated in FIV-infected cats 186, 187 , and this ultimately led to the development of Tenofovir, now one of the most commonly used drugs for the treatment of HIV-1 infection. FIV is also sensitive to HIV-1 integrase inhibitors [188] [189] [190] . However, most non-nucleoside-analogue RTIs (NNRTIs) and protease inhibitors are inactive against FIV 191, 192 . Furthermore, despite there being similarities in the pathogenesis of FIV and HIV-1, there are a number of fundamental differences that limit the utility of the cat-FIV system as an animal model. For example, FIV lacks certain accessory genes that are present in HIV-1, but contains ORFs for other basal retroviral proteins that are absent from primate lentiviruses 193 . Furthermore, although FIV uses CXC-chemokine receptor 4 (CXCR4) as a co-receptor, it uses CD134 rather than CD4 as a primary receptor 194 . . These characteristics substantially improve the efficiency of human tissue engraftment. However, NOD scid mice suffer from a high incidence of thymic lymphomas, which limits their lifespan 39 . To further improve engraftment efficiency, NOD scid mice have been crossed with Il2rg −/− mice, which harbour a mutation in interleukin-2 receptor common γ-chain (IL2Rγ), a protein that is essential for immune cell growth and development. Two different versions of NOD scid Il2rg −/− mice have been generated: NOG mice, which harbour a mutation that truncates IL2Rγ in the intracellular-signalling domain 40 , and NOD scid gamma (NSG) mice, which harbour a mutation that deletes the intracytoplasmic domain of the IL2Rγ chain 41 . These mice completely lack mature B cells and T cells, have extremely low NK cell activity and have the highest success rate of human cell engraftment of all scid strains 42 . Furthermore, the Il2rg −/− mutation prevents the development of lymphomas, improving the lifespan of NOG and NSG mice compared to that of NOD scid mice.
Engraftment of NOD scid, NOG and NSG mice is achieved by injecting (using several routes) human haematopoietic (CD34 + ) stem cells derived from cord blood, fetal liver or adult blood 41, 43, 44 . These mice produce human immune cells that disseminate to numerous sites, among which are the peripheral blood, liver, lung, vagina and rectum (FIG. 1c) . When inoculated with HIV-1 or SHIV, NOD scid mice engrafted with human CD34 + stem cells can develop high levels of plasma viraemia and HIV-specific antibodies, with HIV-infected cells invading multiple tissues 45 . NSG mice have been used as a model for HIV-1-induced neuropathogenesis 46, 47 , and NOG and NSG mice have been used to explore the potential of various gene therapy approaches to inhibit HIV-1 replication [48] [49] [50] [51] . BLT mice. NOD scid and NSG mice have been implanted with human fetal thymus and liver cells followed by sublethal irradiation and bone marrow transplantation with human CD34 + cells from the same donor to generate BLT (bone marrow-liver-thymus) mice 52, 53 . Human cells are found in the same tissues as in the parental mice, including the gut-associated lymphoid tissue (GALT) (FIG. 1d) . One of the main advantages of BLT mice over other mouse models is that human T cells develop within a human thymus, thus mimicking T cell development in humans. Intraperitoneal inoculation of BLT mice with HIV-1 results in high levels of sustained viraemia, CD4 + T cell depletion and virus-specific humoral and cellular immune responses 54 . Another advantage of this model is the ability to infect animals with HIV-1 by mucosal routes of inoculation 55, 56 . Thus, BLT mice provide a useful model to study antiretroviral treatments and have been used to demonstrate that antiretroviral drugs, whether delivered intravenously or topically, can prevent HIV-1 infection 55, 57 . 
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Gut-associated lymphoid tissue
(GALT). Secondary lymphoid tissue associated with the digestive tract, including the Peyer's patches, mesenteric lymph nodes and the appendix. For the purpose of this Review, the GALT also refers to effector sites of the lamina propria and intestinal epithelium that are rich in memory lymphocytes which support HIV and simian immunodeficiency virus (SIV) replication.
Central memory CD4 + T cells
Antigen-experienced resting T cells that express cell surface receptors which are required for homing to secondary lymphoid organs. [61] [62] [63] . However, humoral responses to HIV-1 are generally not detectable 59, 60 , and there are conflicting reports regarding the ability to infect these animals by mucosal inoculation [64] [65] [66] . Overall, advances in the generation of humanized mice that improve the ability to engraft them with human tissues also improve their utility as models for HIV-1 infection. It is possible to infect BLT mice with HIV-1 by mucosal routes of inoculation, and BLT mice can be used to assess antiretroviral treatment regimens. Indeed, this model has recapitulated early results obtained in human trials evaluating a single antiretroviral drug for PrEP 67 (although the results from subsequent human trials have been inconsistent).
The human haematopoietic system is extremely complex. Although it originates from pluripotent haemato poietic cells in the bone marrow, numerous interactions throughout the body guide the differentiation and maturation of haematopoietic cells, ultimately resulting in cells of multiple lineages (reviewed in REFS 68, 69) . It is imperative to recognize that only parts of the human immune system can be reconstituted in different humanized mouse models, resulting in important limitations. For example, any interactions between introduced human cells and other components of the mouse immune system, or even other types of mouse cells, will not accurately reflect lymphoid tissue development in humans. The development of BLT mice aimed to address such limitations, and new approaches are currently being pursued by various laboratories to improve multiple-lineage haematopoiesis 70 . For instance, to overcome the bias towards lymphoid cell development in current models, BLT mice are developed using knock-in mice expressing human cytokines that are important for human myeloid cell development 71 . Nevertheless, the effects of HIV-1 infection of non-haematopoietic tissues cannot be studied using these models.
Notably, humanized mice live in an artificially sterile environment and do not require a functional immune system to survive; thus, they cannot recapitulate basic features of HIV-1 pathogenesis. Furthermore, humanized mice are not trivial to generate. As they cannot be bred, they must be generated de novo for each experiment by surgical engraftment of human tissues, a technically challenging procedure. In addition, because these mice are genetically immunocompromised, they require specialized housing and handling procedures. These considerations substantially increase the costs associated with establishing and maintaining humanized mice.
Non-human primate models Many species of African monkeys and apes are natural hosts for SIV, but generally do not develop disease as a consequence of infection. By contrast, infection of Asian macaques, which are not natural hosts for primate lentiviruses, with certain strains of SIV results in high viral loads, progressive CD4 + T cell depletion and opportunistic infections.
Natural SIV hosts. More than 40 different African primate species are endemically infected with their own unique strain of SIV. Owing to thousands of years of virus-host co-evolution, these natural SIV hosts typically do not develop disease as a result of their infections and are thus not useful as pathogenic models. However, comparisons of non-pathogenic versus pathogenic SIV infection in African versus Asian monkeys have led to a number of important insights into AIDS pathogenesis (reviewed in REF. 72 ). Of the natural SIV hosts, SIVsmm infection of the sooty mangabey (Cercocebus atys) and SIVagm infection of the African green monkey (Chlorocebus aethiops) have been studied in detail owing to the availability of these primate species at primate centres in the United States and Europe. The sooty mangabey model is of particular interest, as cross-species transmissions of SIVsmm gave rise to HIV-2 in humans and SIVmac in macaques 73 . Similar to pathogenic lentiviral infections, SIVsmm and SIVagm infections of their natural hosts result in high levels of sustained viral replication, rapid turnover of productively infected lymphocytes (including severe depletion of mucosal CD4 + T cells) during acute infection and the activation of innate and adaptive immunity 72 . However, these viruses do not result in chronic immune activation, progressive depletion of mucosal or peripheral CD4 + T cells, or the destruction of lymph node architecture in their respective hosts 72 . Moreover, whereas HIV-1 and SIVmac infections are associated with a substantial depletion of central memory CD4 + T cells, SIVsmm preferentially infects effector memory CD4 + T cells in tissues 72 . Although the underlying genetic differences between pathogenic and non-pathogenic hosts have not been defined, differences in the cellular tropism of SIV in natural hosts, which spares central memory CD4 + T cells, might be an important factor contributing to the lower levels of both chronic immune activation and progressive CD4 + T cell depletion observed in these species.
Non-natural SIV hosts. In contrast to infection of African monkeys, infection of Asian macaques with certain strains of SIV closely resembles HIV-1 infection of humans, and together with the use of recombinant SHIV viruses (described below), Asian macaques have become the most commonly used and widely accepted models for HIV/AIDS. Numerous advances in our understanding of viral transmission, pathogenesis and latency can be attributed to the use of macaque models, and they are used extensively in studies aimed at the development of vaccines and microbicides for the prevention of HIV-1 infection. Rather than provide an exhaustive list of the advances made possible by macaque models, we focus on the differences among the macaque species and challenge viruses used, and the practical implications of these differences.
Although most, if not all, macaques can be infected with SIV, three species are routinely used as animal models for AIDS: the rhesus macaque (Macaca mulatta), the pig-tailed macaque (Macaca nemestrina) and the cynomolgus macaque (Macaca fascicularis) (FIG. 2) . Each of these species has a unique evolutionary history and population structure that can profoundly affect the outcome of SIV infection, particularly for viruses that are not fully adapted to a given model. Understanding how differences among these species, and in some cases among populations of the same species, can affect the pathogenesis of SIV infection is essential if we are to avoid pitfalls that can lead to confusing or uninterpretable results when using these models.
Rhesus macaques. Rhesus macaques of Indian origin are by far the best characterized and most utilized nonhuman primate model for AIDS. The two most common SIV challenge strains, SIVmac251 and SIVmac239, were initially isolated from rhesus macaques of Indian descent and are thus particularly well adapted to these animals, with infections resulting in high viral loads with minimal animal-to-animal variation (TABLE 1) . Similarly to HIV-1 replication, ongoing SIV replication results in the turnover and progressive loss of CD4 + T cells, particularly in the GALT 74 . However, the rate of disease progression for SIV-infected animals is considerably more rapid than for HIV-1-infected humans; Indian-origin rhesus macaques typically progress to AIDS within 1-2 years of SIV infection, compared with 8-10 years for humans who are infected with HIV-1 and not receiving antiretroviral therapy.
The major histocompatibility complex (MHC) genes of the rhesus macaque are highly polymorphic and encode molecules that present virus-derived peptides on the surface of infected cells for recognition by T cells. Polymorphisms in the peptide-binding pocket of MHC molecules determine the repertoire of peptides presented by these complexes and can have a profound effect on the ability of the immune system to control SIV infection. Compared to the human leukocyte antigen (HLA) genes of humans (the human MHC is also known as the HLA complex), the MHC genes of macaques and other Old World monkeys differ not only in sequence, but also in copy number. For instance, whereas humans have three classical HLA class I genes (HLA-A, HLA-B and HLA-C) , macaques have an expanded set of genes corresponding to HLA-A and HLA-B but not to HLA-C, because HLA-C represents a duplication of an ancestral B locus that occurred after the divergence of apes and Old World monkeys 75 . There are up to four Mamu-A genes (corresponding to HLA-A) and an undefined and variable number of Mamu-B genes (corresponding to HLA-B) for any given haplotype in the rhesus macaque 76 . However, it is important to recognize that not all of these genes are functional or well expressed. Typically, only one Mamu-A gene and up to three Mamu-B genes are highly expressed per haplotype. Thus, it is presently unclear how differences in MHC class I gene copy number affect virus-specific CD8 + T cell responses in humans versus macaques.
Numerous SIV epitopes that are recognized by CD8 + T cells, and a few epitopes that are recognized by CD4 + T cells, along with the MHC class I and class II molecules, respectively, that present these epitopes, have been defined in Indian-origin rhesus macaques (reviewed in REF. 77 ). As in humans, certain MHC class I alleles are associated with better containment of viral replication. Mamu-A1*001 (formerly Mamu-A*01) is associated with a five-fold reduction in chronic-phase viral loads compared to the loads in Mamu-A1*001-negative animals 78 , and Mamu-B*008 and Mamu-B*017 (formerly Mamu-B*08 and Mamu-B*17) are also signifi cantly over-represented among animals that are able to contain plasma viral loads to below 1,000 RNA copies per ml 79, 80 . Because of the protective effects of these alleles, their overrepresentation in experimental or control groups can confound our interpretation of the outcome of SIV infection in rhesus macaques, especially for studies involving small numbers of animals, and is thus an important consideration in the use of this model.
Tripartite-motif-containing protein 5α (TRIM5α) was initially identified as a post-entry block to HIV-1 infection of rhesus macaque cells 81 and is now recognized more broadly as an important host-range determinant for retroviruses
. In contrast to humans, for which only a handful of minor variants of TRIM5α have been identified, rhesus macaques encode highly polymorphic TRIM5 proteins 82 (FIG. 3) . Although there have been conflicting reports regarding the suscepti bility of SIVmac251 to different rhesus macaque TRIM5 variants 83, 84 , dramatic differences have been observed in the susceptibility of SIVsmE543-3 to these proteins. Viral loads in SIVsmE543-3-infected macaques are 100-to 1,000-fold lower in animals expressing restrictive TRIM5α variants (with 339-TFP-341 in the SPRY domain) than in animals expressing only non-restrictive variants (with Q339 in the SPRY domain) 85 (FIG. 3) . The susceptibility of SIVsmE543-3 to certain rhesus macaque TRIM5α proteins probably reflects the incomplete adaptation of this virus to this host, because SIVsmE543-3 was cloned after sequential passage in only two rhesus macaques 85 . These observations have important practical implications, as SIVsmE543-3 and the closely related SIVsmE660 strain are widely used as heterologous-challenge viruses for rhesus macaques immunized with SIVmac239-derived antigens. 
Mauritius
Chinese and Burmese rhesus macaques are also sometimes used in AIDS research owing to the limited availability of animals of Indian ancestry. However, the pathogenesis of common SIV and SHIV challenge strains adapted for replication in Indian rhesus macaques differs in animals of Chinese and Burmese origin. SIVmac239, SIVmac251 and SHIV89.6P are less pathogenic in Chinese than in Indian rhesus macaques. Although the differences in peak viraemia are small, and were only significant in one study, set-point viral loads are significantly lower in Chinese rhesus macaques in multiple comparisons [86] [87] [88] (TABLE 1) . These differences in viral loads are reflected by higher CD4 + T cell counts and prolonged survival of animals of Chinese descent 88 . SIVmac239 also seems to be less pathogenic in Burmese animals than in Indian animals, on the basis on chronicphase viral loads in unvaccinated control animals 89 . The reasons for these differences are unclear at present, but they probably reflect underlying immunogenetic differences 90, 91 . Pig-tailed macaques. Next to rhesus macaques, pigtailed macaques are the most commonly used nonhuman primate model for AIDS. Although viral loads and the rate of CD4 + T cell depletion do not differ substantially in pig-tailed versus rhesus macaques (TABLE 1) , pig-tailed macaques progress to disease more rapidly 92, 93 . On average, pig-tailed macaques develop AIDS within 42 weeks of SIV infection compared to 70 weeks for rhesus macaques 92 . The reason for this difference in pathogenesis is unknown, but it might reflect a higher basal rate of lymphocyte turnover in pig-tailed macaques that is independent of SIV infection.
The MHC genes of pig-tailed macaques are not as well characterized as those of rhesus macaques. However, several optimal SIV epitopes that are recognized by CD8 + T cells, and the MHC class I molecules that present these epitopes, have been defined 77 . Of particular interest is Mane-A1*084 (formerly Mane-A*10). Like Mamu-A1*001, this molecule restricts an immunodominant epitope of the SIV Gag protein and is associated with decreased viral loads following SIV infection, compared to viral loads in Mane-A1*084-negative animals 94, 95 . A peculiar and perhaps unique feature of pig-tailed macaques is that they do not express TRIM5α. Instead, TRIM5 of pig-tailed macaques encodes a TRIMCyp isoform that does not restrict HIV-1 (REFS 96-100) (FIG. 3) . The absence of TRIM5α in pig-tailed macaques might explain previous reports that HIV-1 can establish a lowlevel transient infection in these animals; it is probably also the reason why engineering simian-tropic strains of HIV-1 for replication in these monkeys has been more successful than for other macaque species (see below) 101, 102 . Cynomolgus macaques. Cynomolgus macaques have not been used as widely in AIDS research as rhesus or pig-tailed macaques, in part owing to historical reasons pertaining to SIV isolation and the less extensive immunogenetic characterization of this species. A comparison of viral loads and CD4 + T cell turnover revealed that SIVmac251 and SHIV89.6P are generally less pathogenic in cynomolgus macaques than in Indian or Chinese rhesus macaques 88 (TABLE 1) . For Chinese rhesus macaques, these differences probably reflect, at least to some extent, the incomplete adaptation of these viruses to this species owing to their passage history . Captive-breeding programmes in the United States were initially established using animals imported from India, contributing to the widespread use of Indian-origin rhesus macaques in AIDS research. However, owing to the increasing demand for rhesus macaques and an embargo on the exportation of these animals from India since 1978, there has been a substantial decline in their availability and a sharp increase in their cost. This has led to greater dependence on rhesus macaques imported from China and Burma. b | The pig-tailed macaque (Macaca nemestrina) is native to Southeast Asia, Malaysia and Indonesia, and last shared a common ancestor with rhesus macaques approximately 3.5 million years ago 205 . c | The cynomolgus macaque (Macaca fascicularis), also known as the long-tailed or crab-eating macaque, is native to regions of Indochina, Malaysia, Indonesia and the Philippines. Genetic evidence suggests that cynomolgus and rhesus macaques diverged from a common ancestor approximately 1.9 million years ago 204, 205 . Distribution data from REF. 206. in Indian rhesus macaques. Comparisons of the MHC genes of cynomolgus macaques from multiple locations have revealed extraordinary sequence diversity among geographically distinct populations 103, 104 . Furthermore, the TRIM5 genes of cynomolgus macaques are also the most diverse of any primate species characterized thus far, encoding polymorphisms in both the TRIM5α and TRIMCyp isoforms, including TRIMCyp proteins that differentially restrict HIV-1 (REF. 105) (FIG. 3) .
The limited MHC diversity of cynomolgus macaques from the remote Indian Ocean island Mauritius has greatly increased interest in the use of these animals in AIDS research 106, 107 . These animals descended from a small founder population that was brought to the island approximately 400-500 years ago by European sailors. Only seven MHC haplotypes have been identified in Mauritian cynomolgus macaques, three of which are present in approximately 90% of these animals 104 . Thus, unlike other outbred primate models, for which it is only possible to select MHC-defined animals by genotyping for specific alleles, studies can be carried out in Mauritian cynomolgus macaques using haplotype-matched animals (that is, animals that share a set of MHC genes inherited on the same chromosome) or fully MHC-identical animals. This unique feature was used to demonstrate that there is an MHC heterozygote advantage for the ability to control SIV infection 108 .
SIV and recombinant SHIV challenge strains
We now understand that the inability of HIV-1 to replicate in Old World monkeys reflects, at least in part, intrinsic cellular blocks that are imposed by the restriction factors TRIM5α, the apolipoprotein B-editing catalytic subunit-like 3 (APOBEC3) proteins and perhaps also tetherin
. Thus, SIV rather than HIV-1 was used to develop non-human primate models for AIDS. The SIV strains used for pathogenic models were all derived after accidental or experimental infection of macaques with SIVsmm. Consequently, these SIV strains differ from HIV-1 in a number of important ways. For instance, SIVsmm and SIVmac do not have a vpu gene, but have another accessory gene, vpx, that is not present in HIV-1 (FIG. 4) . The product of the vpx gene was recently shown to counteract SAM domainand HD-domain-containing protein 1 (SAMHD1), a newly identified restriction factor in macrophages and dendritic cells
. Moreover, HIV-1 and SIVsmm/ SIVmac have only approximately 53% nucleotide identity and differ in the organization of their overlapping ORFs (FIG. 4) . Thus, although an assortment of cloned and uncloned SIV and recombinant SHIV challenge strains have been generated and shown to have diverse biological properties, these viruses are surrogates for modelling HIV-1 infection. Hence, there is now considerable interest in engineering minimally modified HIV-1 strains that are capable of replicating and causing disease in macaques.
SIVs. SIV was first isolated at the New England Primate
Research Center, Southborough, Massachusetts, USA, from rhesus macaques with a transmissible form of immunodeficiency characterized by opportunistic infections and tumours 109 . The source of the virus was later traced to an outbreak of lymphoma in the 1970s among macaques that were housed at the California National Primate Research Center, Davis, California USA 110 ; these macaques might have received tissues from SIV-infected sooty mangabeys during experiments aiming to develop a non-human primate model for prion disease 111 . SIVmac251 and SIVsmE660 are independent viral isolates that are commonly used as uncloned challenge viruses (BOX 3; FIG. 4) . Although the genetic heterogeneity of uncloned SIV strains is desirable for certain applications, such as the analysis of mucosally trans mitted Env variants 112 , it can complicate comparisons of results obtained using challenge stocks prepared in different laboratories, as these stocks vary in composition depending on their passage history. Infectious molecular clones of SIV were therefore derived to obtain genetically defined challenge viruses and proviral DNAs that were amenable to genetic manipulation.
SIVmac239 and SIVsmE543-3 are pathogenic molecular clones that are related in their passage history to SIVmac251 and SIVsmE660, respectively 113, 114 (BOX 3 ; FIG. 4) . Like most naturally transmitted HIV-1 isolates, these viruses use CCR5 as a co-receptor, replicate predominantly in memory CD4 + T cells and express Env glycoproteins that are resistant to neutralizing antibodies. The genetic distance between the SIVmac251 and SIVmac239 lineage and the SIVsmE660 and SIVsmE543-3 lineage is comparable to the genetic distance between HIV-1 isolates of the same clade. Heterologous protection Plasma viral loads are given as median or mean values for log10 RNA copies per ml, with the total data range or the standard error (SE) given in brackets. ND, not determined; SHIV, simian-human immunodeficiency virus; SIVmac, macaque simian immunodeficiency virus. *Median peak value (days 10-17) 88 . ‡
Median set-point value (days 35-77) 88 . § Mean peak value (days 14-21) 93 .
||
Mean set-point value (days 35-77) 93 . ¶ Mean peak value (days 11-14) 87 .
# Mean set-point (days 35-77) 87 . Nature Reviews | Microbiology As mentioned above, the susceptibility of SIVsmE543-3, and probably also SIVsmE660 (REF. 118 ), to certain rhesus macaque TRIM5 proteins is an important consideration in the use of these challenge viruses. However, a number of investigators are now working to adapt SIVsmE543-3 and SIVsmE660 to restrictive rhesus macaque TRIM5 variants to obtain challenge viruses with more uniform resistance in this model.
SHIVs.
Despite the valuable insights into lentiviral pathogenesis that have been obtained from studies of SIV infection in macaques, there are fundamental differences between SIV and HIV-1 that limit the use of SIV-macaque models for certain applications. For example, HIV-based vaccine immunogens cannot be tested directly by challenging with SIV, and SIV is not sensitive to many of the drugs designed to inhibit the HIV-1 protease, reverse transcriptase (RT) and integrase enzymes. In addition, although most HIV-1 and SIV isolates use CCR5, other co-receptors used by these viruses may differ. Whereas HIV-1 can acquire the ability to use CXCR4, SIV rarely gains this ability, but is able to use alternative co-receptors that are not used by HIV-1 (REF. 119 ). These differences in co-receptor use have the potential to complicate the testing of certain virus entry inhibitors in SIV-infected macaques. To address these limitations, efforts have focused on the development of SHIVs that can replicate and cause disease in macaques.
SHIVs expressing HIV-1 Env.
A number of SHIVs expressing HIV-1 Env glycoproteins have been constructed to test Env-specific vaccines and drugs in nonhuman primates (FIG. 4) . Most of these recombinants were generated by replacing the rev, tat and env genes of SIVmac239 with the corresponding rev, tat, vpu and env genes of HIV-1 (REF. 120 ). Although initially these chimeric viruses replicated poorly in macaques, after extensive passage in animals they acquired the ability to replicate efficiently and cause disease. Indeed, the first generation of serially passaged SHIVs were highly pathogenic, replicating to high levels and causing rapid, nearly complete depletion of CD4 + lymphocytes as early as 3 months after infection [121] [122] [123] . The description of TRIM5α polymorphism in cynomolgus macaques is very recent. Although the alleles described so far belong to group 2 and are not predicted to restrict SIV or HIV-1, amino acid differences at other locations in these proteins might affect restriction activity. There are also allelic variations for each APOBEC3 gene family member in macaques, but these are not described here. The extent of tetherin polymorphism in macaques is presently unclear. The number of variants listed is based on samples from 1-2 animals or cell lines (it is sometimes unclear whether cell lines were derived from animals of Indian or Chinese origin). The single tetherin variants reported for Chinese rhesus macaques and cynomolgus macaques is predicted to restrict HIV-1, but this has not been tested. +, restriction of replication; −, no significant restriction of replication (less than twofold); CypA, cyclophilin A-like. The prototype of this group is SHIV89.6P, which was widely used as a challenge virus until it was recognized that it is paradoxically easy to protect against by vaccination. Indeed, a range of T cell-based vaccines provide robust protection against SHIV89.6P, as measured by dramatic reductions in post-challenge viral loads relative to the loads in unvaccinated control animals, but these vaccines afford little or no protection against primary SIV isolates, such as SIVmac239 and SIVmac251. This has been attributed to several phenotypic differences between the viruses (reviewed in REF. 124 ). Whereas most SIVs use CCR5 as a co-receptor (such viruses are referred to as R5-tropic viruses) and replicate predominantly in memory CD4 + T cells, SHIV89.6P and other highly pathogenic SHIVs have evolved to pri marily use CXCR4 (and are referred to as X4-tropic viruses), resulting in an expanded cellular tropism that includes naive CD4 + T cells 125 . Thus, unlike SIV, which preferentially infects CCR5 + lymphocytes, causing an acute depletion of memory CD4 + T cells in mucosal tissues, SHIV89.6P can infect CXCR4 + CCR5 − lymphocytes, which constitute the majority of naive CD4 + T cells in peripheral blood and lymph nodes. The rapid and dramatic loss of these cells appears to undermine the development of the effector CD4 + T cells that are needed to contain viral replication, which may explain why SHIV89.6P-infected animals often progress to disease without making virus-specific antibodies 124 . Compared to the Env proteins of most primary HIV-1 and SIV isolates, SHIV89.6P Env is also more sensitive to neutralizing antibodies. Moderately effective vaccines that can partially preserve CD4 + T cells might therefore allow infected animals to generate Env-specific antibodies that can suppress viral replication 124 . Finally, in contrast to SIV replication, the ability to contain SHIV replication is highly dependent on the challenge dose, which might account for much of the protection observed in SHIV challenge experiments. For these reasons, X4-tropic SHIVs, such as SHIV89.6P, are no longer considered appropriate challenge viruses for evaluating T cell-based vaccines.
Given that most primary HIV-1 isolates use CCR5, there has been an arduous effort to develop R5-tropic SHIVs that are consistently pathogenic in macaques. However, the number of R5-tropic SHIVs is still limited. SHIVSF162P3 was the first pathogenic R5-tropic SHIV to be developed, and like SIV, preferentially replicates in memory CD4 + T cells 126 . SHIVSF162P3 has been especially valuable for evaluating treatments to block viral transmission, such as microbicides and passively administered Env-specific antibodies [127] [128] [129] . However, the high frequency of animals that spontaneously contain SHIVSF162P3 replication has limited the utility of this virus for testing vaccines or other treatments that are designed to reduce viral loads during chronic infection. Nevertheless, a late-stage viral isolate derived from this strain, SHIVSF162P3N, appears to be better adapted to rhesus macaques and was recently shown to result in less variable chronic-phase viral loads in infected animals 130 . Other pathogenic R5-tropic SHIVs have recently been developed: SHIVAD8 expresses a clade B Env 131 , and SHIV1157ipd3N4 expresses a clade C Env, which is typical of the most prevalent HIV-1 subtype in sub-Saharan Africa 132 . Current efforts are also underway to generate SHIVs expressing Env proteins from earlytransmitted or founder HIV-1 isolates that represent the most relevant targets for Env-based intervention strategies.
SHIVs expressing HIV-1 pol. One of the major limitations of SIVs and of SHIVs expressing HIV-1 Env is that they are insensitive to many of the drugs that target HIV-1 enzymes. To overcome this limitation, a new generation of SHIVs is being developed by substituting SIV polymerase (pol) sequences with the corresponding sequences from HIV-1. Several of these recombinant viruses contain sequences encoding the HIV-1 RT (FIG. 4) . Unlike parental SIVs, these RT-SHIVs are sensitive to non-nucleoside reverse-transcriptase inhibitors (NNRTIs) commonly used against HIV-1, and treatment of RT-SHIV-infected macaques with antiretroviral drugs effectively suppresses viraemia 133, 134 . Importantly, these animal models have demonstrated that suboptimal treatment results in the selection of signature drug resistance mutations that are found in HIV-1 from patients receiving antiretroviral treatment 135, 136 . These models allow much more extensive investigations of viral replication, and recent data suggest that during highly active antiretroviral therapy (HAART), viral replication persists in multiple tissues 137, 138 . Additional SHIVs expressing HIV-1 protease 139 or a combination of HIV-1 RT and Env 140 are also being developed.
Box 3 | Simian immunodeficiency virus challenge strains
SIVmac239 and SIVmac251
SIVmac239 and SIVmac251 are closely related cloned and uncloned macaque simian immunodeficiency virus (SIVmac) isolates, respectively, with similar phenotypic properties, including the utilization of CC-chemokine receptor 5 (CCR5) as a co-receptor, preferential replication in memory CD4 + T cells and resistance to neutralizing antibodies. Named for the animal from which it was isolated (FIG. 4) , SIVmac251 is widely used as an uncloned challenge virus 109 . SIVmac239 was the first consistently pathogenic molecular SIV clone to be generated and was derived, after three successive macaque passages, from the same source as SIVmac251 (REF. 113) (FIG. 4) .
SIVmac32H
SIVmac32H was isolated after the passage of SIVmac251 in a single rhesus macaque and was used to derive the infectious molecular clones SIVmac32H(pJ5) and SIVmac32H(pC8) (REF. 196 ). Whereas SIVmac32H(pJ5) is pathogenic in rhesus and cynomolgus macaques, SIVmac32H(pC8) is attenuated in both species owing to a 12-nucleotide deletion in nef.
SIVsmE543-3 and SIVsmE660
SIVsmE543-3 and SIVsmE660 represent cloned and uncloned sooty mangabey SIV (SIVsmm) isolates that were recovered after minimal passage of SIVsmm in rhesus macaques (FIG. 4) . Like SIVmac239 and SIVmac251, these viruses are resistant to neutralizing antibodies and use CCR5 for entry into predominantly memory CD4 + T cells 114 .
SIVmne
Macaca nemestrina SIV (SIVmne) was first isolated from a pig-tailed macaque that died of lymphoma 197 , and represents an independent SIV lineage with a distinct passage history from other SIV isolates (FIG. 4) . A series of SIVmne clones with differing degrees of pathogenicity were derived from the passage of a neutralizationsensitive, macrophage-tropic clone of this virus, SIVmneCL8, in pig-tailed macaques [198] [199] [200] [201] (FIG. 4) .
SIVsmmPBj14
SIVsmmPBj14 was isolated from the lymphoid tissue of a pig-tailed macaque infected with SIVsmm9. Unlike most strains of SIV, which gradually cause immunodeficiency, SIVsmmPBj14 causes a rapid depletion of CD4 + lymphocytes, severe rashes and profuse diarrhoea, resulting in the death of infected macaques 7-14 days after inoculation 202 . stHIV. One could envisage that the progressive substitution of SIV genes with those from HIV-1 would eventually lead to the generation of a virus that replicates in macaques but is more closely related to HIV-1 than to SIV. However, the opposite approach, engineering HIV-1 to replicate in macaques, has shown more promise. Although early attempts to generate such viruses were unsuccessful, our understanding of how viruses interact with host cells, and in particular with restriction factors, has led to rational approaches for engineering simian-tropic HIV-1 (stHIV-1) to overcome these barriers.
Pig-tailed macaques represent an especially promising model, as they lack TRIM5 proteins that can block HIV-1 infection (FIG. 3) . Substitution of the HIV-1 vif gene with SIVmac vif results in an stHIV-1 (FIG. 4) that is resistant to macaque APOBEC3 proteins and can replicate in pig-tailed macaques during acute infection to generate viral levels similar to those in humans infected with HIV-1 (REFS 101, 102, 141) . This model has been used to demonstrate the effectiveness of PrEP in providing apparent sterilizing protection with a drug cocktail commonly used against HIV-1 in humans 101 . Although the replication of stHIV-1 in pig-tailed macaques is eventually controlled, it is conceivable that additional engineering to overcome other restriction factors, such as tetherin, perhaps in combination with additional passage in animals, would lead to a minimally modified HIV-1 that can reproducibly cause disease in macaques. The development of stHIV-1 strains might eventually allow direct efficacy testing of HIV-1 vaccine immunogens and antiretroviral drugs in macaques.
Conclusions
Although small-animal models, such as mice, rabbits and cats, offer obvious advantages in terms of high reproductive rates, low maintenance costs and the ability to conduct studies using inbred, genetically identical animals, these species are distantly related to humans. Therefore, extrapolating results obtained in these models to human disease is often not straightforward. Many of these limitations have been overcome by advances in the development of transgenic mice that have been reconstituted, at least in part, with a human immune system. However, humanized mice lose some of the practical advantages of small-animal models, as they cannot be bred and have higher maintenance costs. Nevertheless, given that HIV-1 is highly specific for humans and faces multiple barriers to replication in most other animals, it seems unlikely that a more convenient small-animal model will be developed in the foreseeable future. Currently, though, humanized mice are not yet widely accepted as a testing platform for new therapeutics or vaccines, which are more likely to be tested in non-human primates prior to human trials.
Non-human primates have a number of important advantages over small-animal models. SIV or SHIV infection of macaques closely resembles HIV-1 infection of humans with respect to the cell types that are susceptible to viral infection, the progressive depletion of CD4 + T cells (particularly in the GALT) and the development of opportunistic infections typical of AIDS. The tissue architecture of the reproductive and gastro intestinal mucosa is also similar in macaques and humans, providing an opportunity to test vaccines and treatments designed to prevent the mucosal transmission of HIV-1. By virtue of the close phylogenetic relationship between macaques and humans, many of the macaque genes controlling the immune response to SIV are similar, if not directly orthologous, to the human genes controlling the immune response to HIV-1. However, as with humans, macaques are outbred and exhibit considerable animal-to-animal variation in the outcome of SIV or SHIV infection. This feature of macaque models is a double-edged sword. On the one hand, genetic variation among animals affords an opportunity to model specific aspects of host-pathogen interactions, such as the role of protective MHC class I alleles in controlling viral infection. On the other hand, this genetic diversity can greatly complicate studies using small numbers of animals, making it necessary to balance the frequency of protective MHC class I and TRIM5 genotypes between experimental and control groups.
Infection of macaques with SIVs and SHIVs has been a mainstay of AIDS research in animal models for more than 20 years, but SIV and HIV-1 are nevertheless different viruses. The development of stHIV strains that more accurately reflect the features of the virus responsible for the AIDS pandemic would overcome many of the remaining limitations of current models. Recent advances towards this goal have been made possible by significant basic research accomplishments, particularly in deciphering how HIV-1 overcomes intrinsic cellular barriers to viral replication. Although the development of stHIV-1 strains is still in its infancy, this approach has the potential to transform non-human primate models for anti-HIV-1 drug and vaccine development. It is possible that no animal model will ever fully capture all of the features of human HIV-1 infection. None theless, the power and sophistication of systems for the preclinical evaluation of treatment and prevention strategies for HIV-1 infection continue to improve, with the refinement of existing models and the development of new ones.
